Introduction
============

Black shank, caused by *Phytophthora parasitica* var. *nicotianae*, is a destructive disease of tobacco (*Nicotiana tabacum* L.), with losses in individual fields reaching 100% ([@B13]; [@B45]). *P. parasitica* var. *nicotianae* is one type of soil-borne pathogen that is difficult to control due to its ability to survive in the soil for many years, even in the absence of tobacco ([@B12]; [@B13]; [@B45]). Although the use of resistant cultivars, fungicides, and other cultural methods have been recommended to control black shank disease, few of these control measures are sufficiently effective, practical, or economical ([@B20]; [@B13]). Once a soil becomes heavily infested with *P. parasitica* var. *nicotianae*, even the most resistant varieties may be damaged ([@B20]; [@B13]; [@B45]).

Crop rotation may be the best, most widely practiced, and most cost-effective method for reducing black shank disease and improving tobacco productivity ([@B13]; [@B27]; [@B53]). Crop rotations can increase soil fertility, soil tilth and aggregate stability; improve soil water management; and reduce erosion and the build-up of soil-borne plant pathogens ([@B26]). Previous studies have shown that the rotation of Gramineae, *Brassica*, and *Allium* crops with tobacco successfully suppressed black shank disease of tobacco ([@B43]; [@B13]; [@B53]). In particular, *Brassica* crops have been the most consistent and effective rotation crops for reducing soil-borne diseases, which infected by *Fusarium* spp., *Sclerotium* spp., *Rhizoctonia* spp., *Streptomyces* spp ([@B5]; [@B41]; [@B29]; [@B25]; [@B23]; [@B26]) and improving soil characteristics and crop yield ([@B31]). Current production practices in many tobacco production areas of southern China are also based on rotation with rapeseed (*Brassica napus* L.) to control diseases and increase the yield of tobacco ([@B27]). In this area, tobacco is grown from April to October, and rapeseed is subsequently grown from October to March of the next year. Such rotations with rapeseed have been observed to reduce the incidence or severity of some soil-borne tobacco diseases, including black shank (*P. parasitica* var. *nicotianae*), black root rot (*Thielaviopsis basicola*), and brown spot (*Alternaria alternata*), relative to continuous tobacco planting ([@B27]).

Reportedly, crop rotation can help reduce soil-borne pathogens by interrupting the host--pathogen cycle, inhibiting pathogen growth directly, or altering the soil characteristics ([@B19]; [@B37]; [@B24]). Many studies have investigated the mechanism of soil-borne disease suppression by *Brassica* crops, mainly focusing on biofumigation of green biomass through the production of toxic sulfur metabolites (such as isothiocyanates) and the alteration of soil microbial communities ([@B39]; [@B30]; [@B9]; [@B25]). However, rapeseed plants grow in the field for approximately 5 months, and the biomass does not totally get incorporated into the soil after harvest in South China. Thus, rapeseed rotated with tobacco for soil-borne disease suppression maybe mainly due to the secretion of antimicrobial substances by rapeseed roots. Plant roots can continuously produce and secrete many compounds into the rhizosphere to mediate the interactions between the roots and pathogens ([@B2]; [@B52]). Pathogens can recognize the signals in the root exudates to colonize the host plant ([@B1]). Plant roots can also secrete a number of substances to protect themselves against pathogen and non-host pathogen infection ([@B1], [@B2]). Thus, it is interesting to investigate whether rapeseed plants growing in the soil can secrete root exudates to help tobacco plants suppress soil-borne diseases.

Here, we aim to: (i) confirm the phenomena of tobacco black shank suppression in a four-year rotation field study with tobacco and rapeseed, (ii) observe the interaction between roots and zoospores, and (iii) determine the mechanisms involved in soil-borne *Phytophthora* disease suppression in tobacco, including the antimicrobial compounds identification in rapeseed root exudates and their antimicrobial activity assessment.

Materials and Methods {#s1}
=====================

Field Experiment with Rapeseed and Tobacco Rotation for *P. nicotianae* Suppression
-----------------------------------------------------------------------------------

The field rotation study was carried out at the Zhao Wei base of scientific research in Yuxi city (24.497°N, 24.317°E) from 2012 through 2015 to examine the effect that rapeseed and tobacco rotation have on the disease severity of black shank disease in tobacco. The field selected for the study was heavily infested with black shank and contained sandy loam soil. The experiment included two treatments. One treatment involved the rotation of tobacco and rapeseed in which tobacco (cv. KRK26) was grown from May to October and rapeseed (cv. YHY-2) was subsequently grown from October to April of the next year. The other treatment involved continuous tobacco (cv. KRK26) cropping, in which only tobacco was grown from April to October. Each treatment contained three plots (200 m^2^) arranged in the same field using a completely randomized block design. The KRK26 tobacco variety, which is susceptible to *P. parasitica* var. *nicotianae*, was used in this study. During the first week of May each year, healthy greenhouse-grown seedlings with nine leaves were purchased from a market and transplanted in the field. The tobacco plants were planted 0.5 m apart in a row and 1.1 m between rows. Rapeseed variety YHY-2 was used for rotation. The rapeseed plants were transplanted at the seedling age of 30--35 days in October, with a density of 10,000 seedlings/ha. The field management with respect to water, fertilizers, weed control, and insect pest control was uniform for each plot based on the recommendations set forth in the tobacco production guide of Yunnan. The diseased plants with the symptoms of black shank were counted in each plot at the mature stage. Disease incidence = (The number of diseased plants with black shank symptoms in each plot ÷ The total number of plants in each plot) × 100%. Yield data were collected for all plots throughout the four-year period of the experiment. The actual yield per plot was determined as the dry leaf weight of tobacco.

Effect of Rapeseed Roots on Zoospore Swimming and Cystospore Formation and Germination
--------------------------------------------------------------------------------------

Isolate of *P. parasitica* var. *nicotianae* (YXCJ-1, Genbank accession number: KX268718) was collected from tobacco plants with typical symptoms of black shank. YXCJ-1 was grown on carrot agar (CA) medium, and zoospores were produced as described previously ([@B32]). A modified capillary root model, as described by [@B52], was used to monitor the interaction of roots and zoospores. Briefly, a capillary tube (1 mm external diameter) was bent into a U-shape, placed on a glass slide and overlaid with a coverslip to form a chamber with one open side. The primary roots of rapeseed (cv. YHY-2) plants were excised with a sterile razor blade, and the root tip was inserted into the open end of the chamber; zoospore suspensions (1 × 10^4^ zoospores/mL) were then added into the chamber. The slides were incubated in a humid petri dish at room temperature. The behavior of zoospores on the root tip and hair zone was recorded every 5 min for a period of 120 min using a video camera attached to a compound microscope (Leica DM2000, Wetzlar, Germany). A capillary tube was inserted into a chamber with the same zoospore suspension as a control. The number of zoospores and cystospores on the different root zones were counted on the photographs from 5 to 25 min. The chemotactic ratio (CR) was determined following the formula described by [@B33], where CR = (scores of zoospores and cystospores on the test root)/(score of zoospores and cystospores on the control). Positive CR values indicate positive chemotaxis. The number of germinated and ruptured cystospores as well as the growth direction of the germ tube was recorded on the photographs from 30 to 120 min. The experiment was repeated three times, and six roots were tested per run.

Root Exudates Collection and Identification
-------------------------------------------

### Root Exudates Collection

Root exudates of rapeseed (cv. YHY-2) were collected by a previously described trapping system with a few modifications ([@B52]). Briefly, rapeseed seeds were sterilized with 6% H~2~O~2~ (Sigma--Aldrich Co., Beijing, China) for 8 min and sowed into washed silica sand in glass pots (2 L of sand per pot). Three seeds were sowed into each pot in a greenhouse and irrigated with 0.1-strength Hoagland solution at a rate of 10 mL/day. Additional distilled H~2~O was supplied as needed. When the rapeseed plants reached the six-leaf stage, each pot was washed with 2 L of distilled H~2~O. A column filled with Amberlite XAD-4 resin (Sigma--Aldrich Co., Beijing, China) and fitted with a circulating attachment was then connected to the trapping systems. The solution was circulated at a rate of 1 L/h by airlifting. The root exudates from each column were collected in separate columns, with nine columns in total. The column was detached after 7 days, washed with 10-bed volumes of distilled H~2~O, and then eluted with 200 mL of high-performance liquid chromatography (HPLC) grade methanol (Fisher Scientific, Shanghai) followed by 100 mL of HPLC grade dichloromethane (Fisher Scientific, Shanghai). Eluates from three columns were pooled into one bottle, filtered and concentrated under reduced pressure. The concentrate was dissolved into 1 mL of methanol for further analysis. Control pots without rapeseed plants were treated identically.

### Gas Chromatography--Mass Spectrometry (GC--MS) Analyses of Root Exudates

The GC--MS fingerprints of the root exudates were obtained on an Agilent 7890-5975 instrument (Agilent, USA). The root exudates were dried under nitrogen gas, followed by methoximation (Sigma--Aldrich Co., Beijing) and trimethylsilylation (Sigma--Aldrich Co., Beijing) derivatization as described by [@B50]. The root exudates were separated on an HP-5 MS capillary column (19091S-433, 30 m × 0.25 mm × 0.25 μm, Agilent). The injection volume was 1 μL in the splitless mode, and the injector temperature was 260°C. The initial column temperature was 40°C (held 2 min) and programmed to increase at a rate of 5°C/min to 250°C, where it was then held for 10 min. The transfer line temperature was 280°C. Helium (99.999% purity) was used as the carrier gas at a flow rate of 1 mL/min. Mass spectra were obtained in electron impact (EI) ionization mode at 70 eV by monitoring the full-scan range (*m/z* 50--550). The compounds were identified by matching the mass spectra obtained with those of the reference compounds stored in the Wiely7n.1 Library. Components with more than an 80% similarity were regarded as undoubtedly existing in the root exudates. The collection from the control pot was analyzed under similar conditions. The components that appeared in the control treatment were not recorded in the final result.

### High-Performance Liquid Chromatography (HPLC) Analysis of Root Exudates

The standards of 17 putative compounds identified by GC--MS were purchased from the Guizhou Dida Biological Technology Co. for antimicrobial activity analysis and then eight compounds with antimicrobial activity (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}) were further selected to determine their concentration in the rapeseed root exudates by HPLC on an Agilent 1260 Infinity instrument (Agilent, USA). The HPLC separations were performed on an Kinetex-C18 column (4.6 × 100 mm, 2.6u) (Phenomenex, Guangzhou) with the following solvent system: solvent A = HPLC grade methanol (Fisher Scientific, Shanghai) and solvent B = 10% methanol and 0.1% phosphoric acid HPLC grade (Sigma--Aldrich Co., Beijing) in HPLC grade water (Fisher Scientific, Shanghai). A multistep gradient was used for all separations with an initial injection volume of 10 μL and a flow rate of 0.5 mL/min. The multistep solvent gradient was as follows: 0--7 min consisted of 22--58% (v/v) solution A, 7--20 min consisted of 58--95% (v/v) solution A, and 20--25 min consisted of isocratic conditions of 95% solution A. The column temperature was maintained at 30°C. Chromatograms were recorded at 210 and 254 nm, and the retention times of the target compounds were established from standards. The compounds in the samples were identified by comparing the results to authentic standards. The concentrations of the target compounds in the samples were quantified using standard curves that showed the linear relationships between the peak areas and the concentrations.

Inhibition of *P. parasitica* var. *nicotianae* by Rapeseed Root Exudates and Pure Compounds
--------------------------------------------------------------------------------------------

The inhibitory activity of the root exudates and target compounds on the mycelial growth of *P. parasitica* var. *nicotianae* was determined according to a previously published method ([@B55]). Briefly, a fresh plug (5 mm in diameter) was removed from the growing edge of a CA medium culture and transferred onto CA medium supplemented with the root exudates (0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL) or target compounds. All tested compounds were purchased from the Guizhou Dida Biological Technology Co. (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}) and were each dissolved in methanol (Fisher Scientific, Shanghai) to prepare stock solutions, which were diluted in distilled water to the test concentrations. The concentrations of all target compounds in the CA medium are listed in Supplementary Table [S1](#SM2){ref-type="supplementary-material"}. The antimicrobial activity of target compounds were preliminary assessed on CA medium amended with compound at concentration of 0, 400, 600, 800, and 1000 mg/L. If the compound showed significant antimicrobial activities, the concentrations, which inhibit the mycelial growth of *P. parasitica* var. *nicotianae* from 10 to 90%, were further determined. In all cases, the final amount of solvent never exceeded 1% (vol/vol) in the treated and control samples. Mycelial growth was assessed by measuring the colony diameter after dark incubation at 25°C for 4 days.

The inhibitory activity of the root exudates and target compounds against the zoospore motility and cystospore germination was measured according to a published procedure with slight modifications ([@B52]). Briefly, an aliquot of 40 μL of a target compound solution was added to depression glass slides. Then, 40 μL of a zoospore suspension (1 × 10^5^ zoospores/mL) or cystospore suspension (1 × 10^5^ cystospores/mL) was added immediately to the glass slides containing each respective solution. The slides were placed in Petri dishes containing moist filter paper and incubated in the dark at 24°C. The percentage of zoospores encysted into cystospores was recorded under the microscope after zoospore incubation for 20 min. The number of germinated cystospores was counted under a microscope after cystospore incubation for 4 h. The experiment was conducted three times, each time in triplicate.

The inhibition of mycelial growth, zoospore motility and cystospore germination by the root exudates or target compounds was calculated ([@B55]). The inhibition rate (%) = 100% × (*D*~control~ - *D*~treated~)/*D*~control~, in which *D*~control~ is the expansion diameter of mycelia on media without compound (0 mg/mL), *D*~treated~ is the expansion diameter of mycelia on the media amended with different concentrations of compounds. The median effective concentration value (EC~50~) for each isolate was calculated by regressing the percentage of growth inhibition against the logarithm value of the fungicide concentration using the software Microsoft Excel 2003.

Data Analysis
-------------

All data from the different treatments were evaluated by one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) test (*p* \< 0.05) with PASW Statistics 18 (SPSS Inc., Chicago, IL, USA).

Results
=======

Rapeseed and Tobacco Rotation Suppressed Black Shank in Tobacco
---------------------------------------------------------------

The disease incidence of black shank in the field ranged from 25 to 35% in 2012 (**Figure [1A](#F1){ref-type="fig"}**). After rotation with rapeseed, the disease incidences significantly decreased compared with the continuous tobacco cropping (**Figure [1A](#F1){ref-type="fig"}**). Although the disease incidences all decreased in both treatments in 2013, the decreased rate in rapeseed rotation treatment reached 67.47%, which higher than 47.41% in continuous tobacco cropping treatment. Notably, the disease incidence gradually decreased with an increased rotation time from 2012 to 2015 (**Figure [1A](#F1){ref-type="fig"}**). The yield of tobacco also increased 128.8% after rotation with rapeseed compared with the continuous tobacco cropping (**Figure [1B](#F1){ref-type="fig"}**).

![**Effect of rapeseed and tobacco rotation on black shank disease in tobacco and tobacco yield from 2012 through 2015. (A, B)** Show the black shank disease incidence and the leaf yield in continuous tobacco cropping fields or in tobacco and rapeseed rotation fields, respectively. Bars represent the means ± SE. Bars with different letters are significantly different (*p* \< 0.05).](fmicb-07-00894-g001){#F1}

Rapeseed Roots Interfere with the Behavior and Development of Zoospores
-----------------------------------------------------------------------

The zoospores exhibited strong chemotaxis towards the rapeseed roots and then attached to the surfaces of the root tips (**Figures [2A--C](#F2){ref-type="fig"}**) and the root hair zone (**Figure [2E](#F2){ref-type="fig"}**) but did not exhibit chemotaxis towards the capillary tube (**Figure [2D](#F2){ref-type="fig"}**). The CR also indicated that the zoospores exhibited positive chemotaxis toward the rapeseed roots (Supplementary Table [S2](#SM2){ref-type="supplementary-material"}), which occurred within five minutes after the zoospores were exposed to the rapeseed root (Supplementary Table [S2](#SM2){ref-type="supplementary-material"}). After being attracted to the rapeseed root surface, the zoospores quickly stopped and encysted into the cystospores on the root surface or near the root (**Figures [2B, C](#F2){ref-type="fig"}**). Some cystospores on the rapeseed root tips even ruptured after 30 min (**Table [1](#T1){ref-type="table"}**; **Figure [2F](#F2){ref-type="fig"}**). After 120 min incubation, 33.84% of cystospores germinated and 46.11% of the germ tubes grew toward the rapeseed roots, which was significantly higher than in the control treatment (**Table [1](#T1){ref-type="table"}**).

![**Interaction analysis of rapeseed roots with zoospores of *Phytophthora parasitica* var. *nicotianae*. (A--C)** Spores were attracted by rapeseed root and clustered in the rhizosphere from 0 to 15 min. **(D)** The chemotactic ability of zoospores towards the capillary tube after incubated for 15 mins. **(E)** The chemotactic ability of zoospores towards the root hair zone after incubated for 15 min. **(F)** The rupture of spores near the root. Arrow in **(F)** shows the ruptured spores.](fmicb-07-00894-g002){#F2}

###### 

Influence of *Phytophthora parasitica* var. *nicotianae* cystospores with rapeseed roots.

  Treatments       Cystospore rupture rate (%)^a^   Cystospore germination rate (%)^b^   Percentage of germ tube growth towards the root (%)^b^
  ---------------- -------------------------------- ------------------------------------ --------------------------------------------------------
  Roots            8.14 ± 2.59\*\*                  33.84 ± 10.46\*\*                    46.11 ± 9.26\*\*
  Capillary tube   0.21 ± 0.21                      1.56 ± 0.79                          18.59 ± 9.59

a

The cystospore rupture rate was calculated at 30 min after zoospores exposure to root

b

The cystospore germination rate and percentage of germ tube growth towards the root were recorded at 120 min after zoospores exposure to root.

Double asterisks (\*\*) indicate statistically significant differences (Student's

t

-test;

p

\< 0.01;

n

= 15).

Rapeseed Root Exudates Inhibit the Growth of *P. parasitica* var. *nicotianae*
------------------------------------------------------------------------------

The rapeseed root exudates had dose-dependent antimicrobial activity against the mycelial growth of *P. parasitica* var. *nicotianae* (**Figure [3](#F3){ref-type="fig"}**). The inhibition rate reached 21.09% when mycelia were exposed to the root exudates at concentration of 1.0 mg/mL (**Figure [3](#F3){ref-type="fig"}**).

![**(A)** Effect of rapeseed root exudates on the mycelial growth of *P. parasitica* var. *nicotianae*. **(B)** Bars are the means ± SE. Bars with different letters are significantly different (*p* \< 0.05).](fmicb-07-00894-g003){#F3}

Compound Identification in the Root Exudates
--------------------------------------------

Gas chromatography--mass spectrometry analysis identified a total of 26 putative compounds in the rapeseed root exudates (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}; **Table [2](#T2){ref-type="table"}**), which were identified as 6 acids, 4 esters, 2 ketones, 2 aldehydes, 3 nitrogen-containing compounds, 8 alkanes, and 1 indole based on their chemical nature.

###### 

Compounds identified by GC--MS analysis in rapeseed root exudates.

  Group                           Peak   Closest compound              Formula           Molecular weight   Characteristic fragments                 Spectra similarity (%)^a^
  ------------------------------- ------ ----------------------------- ----------------- ------------------ ---------------------------------------- ---------------------------
  Acids                           3      2-Butenoic acid               C~4~H~6~O~2~      86                 86, 69, 57, 53, 49, 45                   91
                                  4      Valeric acid                  C~5~H~10~O~2~     102                73, 60, 55, 45, 43, 42, 41, 39           83
                                  6      2-Pentenoic acid              C~5~H~8~O~2~      100                100, 55, 57, 45, 43, 41, 39              90
                                  15     Nonanoic acid                 C~9~H~18~O~2~     158                129, 115, 98, 73, 60, 55                 80
                                  22     *n*-Hexadecanoic acid         C~16~H~32~O~2~    256                256, 213, 129, 73, 43                    98
                                  21     9-Hexadecenoic acid           C~16~H~30~O~2~    254                254, 236, 97, 83, 69, 55, 41             96
  Esters                          2      Methyl thiocyanate            C~2~H~3~NS        73                 73, 58, 49, 47, 45                       90
                                  7      Cyclohexyl isocyanate         C~7~H~11~NO       125                125, 97, 82, 67, 41                      93
                                  13     Cyclohexyl isothiocyanate     C~7~H~11~NS       141                141, 83, 55                              87
                                  24     Linoleic acid ethyl ester     C~20~H~36~ O~2~   308                308, 263, 123, 109, 95, 81, 67, 55, 41   99
  Ketones                         5      2-Heptanone                   C~7~H~14~O        114                114, 99, 71, 58, 43, 39                  80
                                  14     1-(4-Ethylphenyl)-ethanone    C~10~H~12~O       148                148, 133, 105,                           97
  Aldehydes                       1      3-Methyl butyraldehyde        C~5~H~10~O        86                 86, 71, 58, 55, 44, 41, 38               86
                                  10     Nonanal                       C~9~H~18~O        142                124, 119, 98, 82, 57, 41                 80
  Nitrogen-containing compounds   12     Benzothiazole                 C~7~H~5~NS        135                135, 108, 91                             83
                                  19     2-(Methylthio)benzothiazole   C~8~H~7~NS~2~     181                181, 148, 136, 108, 69                   95
                                  26     9-Octadecenamide              C~18~H~35~NO      281                281, 126, 98, 72, 59, 41                 99
  Alkanes                         8      Decane                        C~10~H~22~        142                142, 113, 85, 71, 57, 43                 94
                                  9      Undecane                      C~11~H~24~        156                156, 85, 71, 57, 43, 39                  90
                                  11     Dodecane                      C~12~H~26~        170                170, 85, 71, 57, 43, 39                  94
                                  16     Tetradecane                   C~14~H~30~        198                198, 155, 85, 71, 57, 43                 96
                                  18     Hexadecane                    C~16~H~34~        226                226, 85, 71, 57, 43                      87
                                  20     Octadecane                    C~18~H~38~        254                254, 99, 85, 71, 57, 43                  98
                                  23     Eicosane                      C~20~H~42~        282                282, 99, 85, 71, 57                      98
                                  25     1-Docosene                    C~22~H~44~        308                125, 111, 97, 83, 69, 55, 43             99
  Indoles                         17     4-Methoxyindole               C~9~H~9~NO        147                147, 132, 104                            94

a

Spectra similarity compared with mass spectrum of the reference compounds stored in Wiley71.1 (%).

Inhibitory Activity Against *P. parasitica* var. *nicotianae* of the Compounds in the Root Exudates
---------------------------------------------------------------------------------------------------

The antimicrobial activity of 14 compounds in the rapeseed root exudates was tested using pure compounds. Among these compounds, 2-butenoic acid, valeric acid, 4-methoxyindole, cyclohexyl isocyanate, benzothiazole, 2-(methylthio)benzothiazole and 1-(4-ethylphenyl)-ethanone showed significant dose-dependent antimicrobial activity against the growth of mycelia (**Figure [4](#F4){ref-type="fig"}**). The EC~50~ values ranged from 27.46 to 366.37 mg/L (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}). Other seven compounds, such as several alkanes and palmitic acid, did not have significant antimicrobial activity (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}).

![**Effect of the identified compounds in root exudates on the mycelial growth of *P. parasitica* var. *nicotianae*.** Bars are the means ± SE. Bars with different letters are significantly different (*p* \< 0.05).](fmicb-07-00894-g004){#F4}

Compound Concentrations in the Root Exudates and Their Antimicrobial Activities
-------------------------------------------------------------------------------

The concentrations of the above seven antimicrobial compounds in the rapeseed root exudates were further analyzed by HPLC. Only 2-butenoic acid, benzothiazole, 2-(methylthio)benzothiazole, 1-(4-ethylphenyl)-ethanone, and 4-methoxyindole were quantified by HPLC (**Table [3](#T3){ref-type="table"}**; Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). The antimicrobial activity of these compounds against zoospore motility and cystospore germination of *P. parasitica* var. *nicotianae* was further tested based on their concentration in the root exudates. These five compounds exerted dose-respondent inhibitory effects on zoospore motility and cystospore germination (**Figure [5](#F5){ref-type="fig"}**). The EC~50~ values of these five compounds for zoospore motility and cystospore germination were 0.64--133.83 and 3.28--523.96 mg/L, respectively. All of these compounds showed high activity against zoospore motility compared with cystospore germination (**Figure [5](#F5){ref-type="fig"}**).

###### 

Concentration of the target compounds in rapeseed root exudates from HPLC.

  Compound                      Calibration curve                         Concentration (μg/mL) ± standard error (*SE*)
  ----------------------------- ----------------------------------------- -----------------------------------------------
  2-Butenoic acid               *Y* = 0.0206x - 6.8416, *R*^2^ = 0.9971   0.76 ± 0.32
  Benzothiazole                 *Y* = 0.0122x - 2.2555, *R*^2^ = 0.9997   10.02 ± 2.45
  2-(Methylthio)benzothiazole   *Y* = 0.0240x - 1.3610, *R*^2^ = 0.9999   7.14 ± 2.67
  1-(4-ethylphenyl)-ethanone    *Y* = 0.0181 + 1.0301, *R*^2^ = 0.9999    2.18 ± 0.97
  4-Methoxyindole               *Y* = 0.0125x - 3.9263, *R*^2^ = 0.9988   56.54 ± 10.28

![**The inhibitory activity of compounds against the motility of zoospores and the germination of cystospores.** Error bars indicate the SE of three replicates.](fmicb-07-00894-g005){#F5}

Discussion
==========

Tobacco monoculture leads to outbreaks of black shank in tobacco and decreased yields ([@B20]; [@B13]). Our 4-year field experiment confirmed that rapeseed and tobacco rotation significantly suppressed black shank disease in tobacco. Many other studies also support the high potential for using rapeseed in rotation, cover, or green manure crops for the suppression of soil-borne diseases ([@B25]; [@B26]). Reportedly, crop rotation can help reduce soil-borne pathogens, such as fungi, bacteria, Oomycetes, and nematodes, by (i) interrupting or breaking the host-pathogen cycle; (ii) altering the soil characteristics to make the soil environment less conducive for pathogen development or survival, often stimulating microbial activity and diversity or beneficial plant microbes; or (iii) directly inhibiting pathogens either through the production of inhibitory or toxic compounds in the roots or plant residues or the stimulation of specific microbial antagonists that directly suppress the pathogen inoculum ([@B26]; [@B24]).

In the present study, rapeseed root exudates play important role in the suppression of *P. parasitica* var. *nicotianae*. This pathogen is a typical soil-borne pathogen that infects plants through the production of zoospores, which involves a pre-penetration process of zoospore taxis, encystment, cystospore germination, and orientation of the germ tube ([@B12]). We found that rapeseed roots could attract zoospores to their surface where they were encysted into cystospores. After the cystospores germinated, the growth of the germ tube also proceeded toward the roots. Some studies have indicated that the attraction of plant roots to zoospores was not host specific ([@B11]). The chemotaxis and electrotaxis of zoospores toward plant roots are involved in the attraction of zoospores to host and non-host roots ([@B6]; [@B7]; [@B47]). After being attracted by the rapeseed roots, some of the spores could not germinate, and some spores even ruptured, which indicates that rapeseed roots can attract zoospores and hyphal growth and then secrete antimicrobial substances against the infection by the zoospores and hyphal growth.

Evidently, rapeseed root exudates showed dose-dependent antimicrobial activity against the mycelial growth of *P. parasitica* var. *nicotianae*. A library of antimicrobial compounds, including 2-butenoic acid, valeric acid, 4-methoxyindole, cyclohexyl isocyanate, benzothiazole, 2-(methylthio)benzothiazole and 1-(4-ethylphenyl)-ethanone, were further identified by GC--MS in the rapeseed root exudates. These compounds showed significant dose-dependent antimicrobial activity against zoospore motility, cystospore germination, and mycelia growth. Notably, 2-butenoic acid, benzothiazole, 2-(methylthio)benzothiazole, 1-(4-ethylphenyl)-ethanone, and 4-methoxyindole showed antimicrobial activity against zoospore motility and cystospore germination at the concentrations detected in the rapeseed root exudates. Among these compounds, benzothiazole and 2-(methylthio)-benzothiazole have previously been identified as antimicrobial compounds against some fungal and oomycete phytopathogens in the root exudates and volatiles of plants as well as in soil bacteria ([@B4]; [@B44]; [@B21]; [@B17]; [@B14]; [@B18]; [@B51]; [@B54]; [@B50]; [@B52]). 2-Butenoic acid and valeric acid are important organic acids in plant root exudates and possess antimicrobial activity ([@B10]; [@B3]; [@B38]). 1-(4-ethylphenyl)-ethanone exhibited antimycobacterial activity ([@B36]), and 4-methoxyindole and other indole derivatives have been reported in root exudates with antimicrobial activity ([@B40]; [@B35]; [@B49]). The *Brassicaceae* family produces sulfur compounds that break down to produce isothiocyanates that are toxic to many soil organisms ([@B39]). In this study, cyclohexyl isocyanate was identified in the root exudates and showed antimicrobial activity. Although the antimicrobial activity of these compounds in rapeseed root exudates was identified, the secretion mechanism of these compounds from root tissue and their mode of action against *P. parasitica* var. *nicotianae* are still unknown.

The above data demonstrated that rapeseed can secrete many antimicrobial compounds through its root exudates to kill soil-borne pathogens. Plants are a primary driver of changes in soil microbial communities, and recent studies have documented that crop rotations can dramatically affect these communities ([@B28]; [@B34]; [@B22], [@B23]; [@B42]; [@B25]; [@B46]; [@B26]; [@B8]) and stimulate specific microbial antagonists that directly suppress pathogen inocula ([@B30]; [@B15]; [@B48]). *Brassica* crops rotated with potato had higher microbial activity and diversity, which may help to suppress soil-borne diseases potatoes ([@B15]; [@B48]; [@B16]; [@B23]). Thus, whether rotating rapeseed with tobacco increases the soil microbial activity and diversity, the populations of plant-beneficial organisms, and the antagonism toward pathogens to result in disease suppression is interesting and should be evaluated further.

Conclusion
==========

Rapeseed rotated with tobacco can effectively suppress black shank disease of tobacco caused by *P. parasitica* var. *nicotianae* in the field. Rapeseed roots can attract zoospores into the rhizosphere and then secrete a series of antimicrobial substances to kill them, which eventually caused *P. parasitica* var. *nicotianae* to lose its ability to spread or survive in the soil.
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